Objective-The relation between arterial stiffness and atherosclerosis, and specifically the influence of arterial stiffness on plaque composition, is largely unknown. In a population-based study, we investigated the association between arterial stiffness and the presence and composition of carotid atherosclerotic plaques. Approach and Results-Arterial stiffness was measured in 6527 participants (67.0±8.6 years) using aortic pulse wave velocity (PWV). Presence of carotid atherosclerotic plaques was assessed with ultrasound. Subsequently, 1059 subjects with carotid plaques (>2.5 mm) underwent MRI to assess plaque composition (presence of intraplaque hemorrhage, lipid, and calcification). Generalized estimation equation analyses adjusted for age, sex, mean arterial pressure, heart rate, carotid wall thickening, pulse pressure, and traditional cardiovascular risk factors were used to study the association between PWV and the presence and composition of carotid atherosclerotic plaques. In multivariable analysis, higher PWV was independently related to higher prevalence of carotid atherosclerotic plaque on ultrasound (odds ratio for highest quartile of PWV compared with lowest quartile, 
A therosclerosis located in the carotid arterial wall is an important cause of stroke. Carotid atherosclerotic plaques can be composed of various components, such as a lipid pool (with/without necrosis), calcification, and intraplaque hemorrhage (IPH), and are covered by a layer of fibrous material (the fibrous cap). 1 Plaques that contain a large necrotic core, IPH, or thin fibrous cap, so-called vulnerable plaques, have been described to increase the risk of cardiovascular events. [2] [3] [4] In the past decade, the relation between carotid IPH and an increased risk of acute neurological events has been demonstrated. 2, [4] [5] [6] [7] This underlines the importance to examine factors that may lead to atherosclerosis and in specific affect vulnerable plaque development.
Aortic pulse wave velocity (PWV), an established measure of arterial stiffness, was previously shown as an independent risk factor for stroke and cardiovascular mortality. [8] [9] [10] [11] Although arterial stiffness and atherosclerosis share some common determinants, such as increasing age, sex, and hypertension, 12 it is unknown whether a gradual stiffening of the arterial wall may accelerate development of vulnerable plaque components, such as IPH. In a previous study, we showed that a single, cross-sectional measurement of the pulsatile component of blood pressure was associated with IPH. 13 Arterial stiffness is the principal cause of increasing systolic blood pressure and pulsatility of flow, and therefore, PWV may reflect the cumulative damage on the arterial wall. Several studies have investigated the relation between arterial stiffness and aortic or coronary calcifications. [14] [15] [16] However, the relationship between arterial stiffness and carotid plaque components, either calcification or vulnerable plaque components, has received less attention. By examining the roll of vascular wall properties in the context of atherosclerosis formation, we aim to gain more insight in the pathogenesis of the vulnerable plaque.
MRI has emerged as a noninvasive imaging modality that enables accurate identification of the main components of the atherosclerotic plaque. 17, 18 The objective of this study was to investigate the association between arterial stiffness, as assessed by PWV, and the presence and various components of carotid atherosclerotic plaque in a large population-based cohort, using both ultrasound and MRI assessment of plaques.
Materials and Methods
Materials and Methods are available in the online-only Supplement.
Results
Among the 6527 subjects (67.0±8.6 years) who underwent carotid ultrasonography, 2527 (39.6%) subjects had ≥1 carotid plaques of ≥2.5 mm. Table 1 shows population characteristics of participants with ultrasound carotid plaques compared with those without plaques. Comparison of both groups showed that subjects with atherosclerotic plaque had a higher prevalence of various cardiovascular risk factors, including lower high-density lipoprotein cholesterol, higher systolic blood pressure, lower diastolic blood pressure, higher prevalence of smoking, diabetes mellitus, hypertension, antihypertensive medication use, history of myocardial infarction, and stroke (P<0.001). Of all persons with carotid plaque on ultrasound, to date, for 1059 subjects carotid MRI scanning was available (Table 1) . Although the MRI population was significantly younger, had lower body mass index, systolic and diastolic blood pressure, lower prevalence of diabetes mellitus, and hypertension compared with subjects with carotid plaque ≥2.5 mm on ultrasound, the differences of the absolute values were small. Table 2 shows the association between PWV and presence of plaque on ultrasound. In all models, higher quartiles of PWV were significantly associated to presence of plaque, when compared with the lowest quartile of PWV. Associations attenuated when additionally adjusted for pulse pressure (model 3), but remained significant for the second, third, and fourth quartile of PWV compared with the first quartile, with respective odds ratios (ORs) (95% confidence interval) of 1.18 (1.01-1.37), 1.41 (1.19-1.66), and 1.27 (1.05-1.54). Subsequently, we investigated whether PWV was linearly related with the presence of plaque, but the linear trend for the association between PWV (per SD increase) and presence of plaques was not significant in the full model (OR, 1.06 [0.99-1.14]). 
2).
The analyses stratified for time interval between PWV and MRI showed no effect modification by time interval (Table I in the online-only Data Supplement). In both strata, the association between PWV and IPH was similar. Only for calcification, the effect estimate between PWV and presence of calcification was larger in the stratum with short time interval compared with long time interval (OR, 1.59 versus 1.10; P interaction=0.8; Table I in the online-only Data Supplement).
Discussion
In this large, population-based cohort, we provide evidence that arterial stiffness is associated with presence and composition of carotid atherosclerotic plaques in the general population. By measuring aortic PWV, we found that arterial stiffness was independently associated with presence of plaques in the carotid arteries. Furthermore, among individuals with a plaque in the carotid arteries, arterial stiffness was an important determinant of IPH, independent of plaque size, pulse pressure, and other cardiovascular risk factors. Associations between arterial stiffness and lipid or calcification were less pronounced.
Our finding that PWV is associated with presence of carotid atherosclerosis is in agreement with the Atherosclerosis Risk in Communities (ARIC) Study. In >10 000 subjects, reduced arterial elasticity was significantly associated with carotid intima-media thickness in the 90th percentile. 19 Also, within the Rotterdam Study, it was previously shown that mean PWV was higher in subjects with moderate and severe carotid plaque score as compared with those without plaque. 20 However, our study extended this previous study population with on average younger subjects of additional cohort extensions (Rotterdam Study II and Rotterdam Study III), and we restricted definition of carotid atherosclerosis to intima-media thickness of ≥2.5 mm. Carotid intimal thickening represents one of the earliest manifestations of subclinical atherosclerosis. It has been suggested that lower degrees of intima-media thickness, an adaptive response to local hemodynamic changes, may be reflected rather than atherosclerotic thickening, which is represented beyond a certain level. 21 According to the Cardiovascular Health Study, 0.9 mm was considered as the threshold for the association with an increased risk of myocardial infarction and stroke in participants aged >65 years. 22 Our definition of plaque (intima-media thickness ≥2.5 mm) might thus be regarded as a more advanced manifestation of atherosclerosis. This is supported by earlier works in which, in 564 healthy subjects, arterial stiffness independently correlated with carotid atherosclerotic plaques, but not with diffuse common carotid intimal thickening at the plaque-free sites. 23 In addition, we found arterial stiffness to be differently associated with different plaque components, suggesting involvement of vascular wall properties in the formation of the various plaque components. Studies investigating the relation between arterial stiffness and plaque composition are scarce. Moreover, ultrasonography, the most commonly used imaging modality for carotid plaque evaluation, is limited to a differentiation between echogenic and echolucent plaques. 15, 24, 25 The use of MRI for the assessment of plaque composition has now been widely accepted, and MRI has the ability to reliably assess presence of IPH, lipid, and calcification. 17, 18 One study that investigated arterial stiffness, measured as carotid distensibility, and plaque composition as detected with MRI found no association between carotid distensibility and plaque composition. 25 A difference between that study and ours is that local distensibility was measured instead of the global parameter PWV.
The most interesting finding of our present study is that arterial stiffness is associated with the presence of IPH in the general population. This is important because IPH is considered as a risk indicator for plaque instability. [4] [5] [6] [7] Several mechanisms may explain the association between arterial stiffness and IPH. Arterial stiffening may lead to early pulse wave reflection causing an increase in central systolic blood pressure, a decrease in diastolic blood pressure, and a subsequent increase in pulse pressure. 11 We have previously shown that of several blood pressure components, pulse pressure was the strongest determinant of IPH. 13 When we controlled our current analyses for pulse pressure in model 3, associations attenuated somewhat, but we found PWV to be still associated with both plaque presence and IPH. This indicates that PWV is associated with IPH independent of pulse pressure. Yet, we should note that there is a complex relation between pulse pressure and arterial stiffness. There is some evidence 26 that this relationship may be bidirectional and may be amplified by atherosclerosis: on one hand, the presence of atherosclerotic changes may impair the elastic properties of the wall, whereas on the other hand, a reduced large artery compliance enhances wave reflection and augmentation of the pulsatile component of blood pressure, leading to the progression of atherosclerotic changes. Therefore, pulse pressure can be considered both a cause and consequence of arterial stiffness. 27 In this sense, adjustment for pulse pressure may have been an overadjustment, and our models that included pulse pressure may have somewhat underestimated the association of PWV with plaque presence and plaque components. 28 Therefore, for all analyses, we provide a full model with and without the addition of pulse pressure (model 4 and 5).
The functions of the arterial system are to deliver blood to the periphery and to transform the left ventricular ejection into a continuous flow. 29 High pulsatility as consequence of a less distensible aorta may be transferred down to arterioles 30 and possibly also to the microcirculation. Subsequently, it can be hypothesized that higher flow pulsations attributable to arterial stiffness may extend more deeply into the fragile neovasculature within the vulnerable plaque, causing IPH. This hypothesis is consistent with several studies that showed a relation between reduced compliance in large arteries and pathological conditions that are related with flow disturbances in the microcirculation. [31] [32] [33] [34] In a cross-sectional population study, increased brachial-ankle PWV affected the microcirculation in brains and kidneys in a way leading to cerebral asymptomatic lacunar infarction 33 and renal albuminuria, 34 respectively. In another population study that included 443 healthy subjects, PWV was significantly associated with silent cerebral microbleeds on brain MRI. 31 Also, one study reported a relation between arterial stiffness and microangiopathy in a diabetes mellitus type 1 population. 32 On a local level, another aspect that needs to be considered is the fluid dynamics, which can underlie the connection between arterial stiffness and atherosclerotic plaque. Although flow in the common carotid artery has a laminar profile, this can evolve to velocity profile skewing at the carotid bifurcation, leading to regions in which the wall shear stress is low. 35 Atherosclerotic plaques tend to occur preferentially in these low wall shear stress sites. 36 These plaques can lead to stiffer walls, which in its turn may influence the plaque composition, and especially IPH as discussed before. Subsequently, the wall stiffening may also lead to alterations in the local wall shear stress. Although the connection between wall shear stress and IPH may be indirect, computational fluid dynamic models could be used to address this complex relationship.
Our finding that PWV was relatively weaker associated with lipid than with presence of calcification is supported by a previous study that investigated the carotid arteries of 561 healthy volunteers on ultrasound. 24 PWV was shown to be independently associated with echogenic, but not with echolucent plaques. Echogenic plaques are presumed to have higher contents of fibrous tissue and calcification. 37 Changes in the ratio of collagen to elastin rather than deposition of lipid have been known to affect the elastic behavior and function of the arterial wall. 38, 39 It has been suggested that degeneration of elastin renders the arterial wall to be more susceptible to calcification 15 and thus leads to less distensibility. Nevertheless, we did not find a pronounced association between arterial stiffness and plaque calcification, although this would have been expected from the biomechanical perspective that calcification leads to vessel stiffening. One explanation may be that PWV reflects global arterial stiffness and not necessarily vessel stiffness on the calcified site. Also, it is known that carotid calcification load only moderately correlates with aortic calcification. 40 Previous studies found inconsistent associations between arterial stiffness and plaque calcification. 25, 41 A previous cross-sectional study within the Rotterdam Study found an independent association of arterial stiffness, measured as carotid-femoral PWV and carotid distensibility coefficient, with carotid calcification. 42 In contrast to our study, calcification was measured using computed tomography and quantified according to the Agatston score. Whereas with MRI, we can only distinguish between presence and absence of calcification, with computed tomography and the Agatston score, more detailed and quantitative information is captured about the amount of calcification. Furthermore, PWV was measured on average 4.7 years before computed tomography, but ≤10.9 years before the MRI scanning. Although we found no significant effect modification of the time interval between PWV measurement and MRI, the lack of a pronounced association between PWV and calcification in the present study may have been influenced by the relatively long interval in part of our population, because the association with calcification tended to be weaker with increasing distance between measurements.
This study is limited by several methodological aspects which need to be discussed. First, identification of plaque characteristics within small plaques (<2 mm) was not feasible because of constraints in spatial resolution of MRI. This may have resulted in an under-reporting of the prevalence of the different plaque components.
Second, we cannot completely exclude a possible link between arterial stiffness and lipid plaques because application of contrast-enhanced MRI, which improves identification of lipid, was not possible in this population-based setting.
Third, we did not measure arterial stiffness and plaque calcification on the same location, which may have reduced the association of arterial stiffness with this plaque component.
In conclusion, our study shows that PWV is associated with presence of atherosclerotic plaques and with plaque composition, in particular IPH. These findings provide further clues for understanding the development of vulnerable atherosclerotic plaque.
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